Abstract Herbivory in natural communities can be high, reducing the growth and reproduction of individual plants. To diminish the impact of herbivores, plants use a variety of defensive mechanisms. It is now recognized that the plant world is characterized by a proliferation of secondary metabolites, but models of the evolution of defence strategies assume that plants are constrained by finite resources, and that defences are costly. In the present study, the relationships between defence, growth and nutrient concentration in Bauhinia brevipes Vog. (Leguminosae) in south-eastern Brazil were investigated. Patterns of herbivory and defence were examined for 170 B. brevipes individuals in 1997 and 1998. Leaf age influenced tannin concentration and herbivore attack on B. brevipes. Mature leaves had higher concentrations of tannins than young leaves, and young leaves were approximately 60% more likely to be attacked than mature leaves. Carbon and nitrogen content explained 36% of the variation in the percentage of attacked leaves in B. brevipes (y = 16.29 -0.31 C + 0.25 N; r 2 = 0.36; F = 9.56; P < 0.0001). Tannins acted as defensive compounds on B. brevipes leaves against free-feeding herbivores, but no clear pattern was observed against galling herbivores. The amounts of nitrogen, carbon, potassium, and aluminium explained approximately 69% of the variation in tannin concentration on B. brevipes leaves (y = 0.62 -0.16 N -0.36 K -0.26 Al + 0.74 C; r 2 = 0.69; F = 21.18; P < 0.0001). We found an inverse relationship between shoot growth rates and tannin concentration in B. brevipes, indicating that the production of tannins may be costly, therefore offering some evidence for the trade-off hypothesis. Nevertheless, the weak relationship observed between herbivore damage and tannin concentration indicates that other factors are also involved with herbivore pressure.
INTRODUCTION
Herbivory in natural communities can be high, reducing the growth and reproduction of individual plants and influencing competitive outcomes and community composition (Coley 1983; Marquis 1984) . There are only a few ways that a plant can deal with herbivores: either flee, fight, or weather the attack (Berryman 1988) . Plants can flee by developing before herbivore numbers are high (Feeny 1976) , fight and defend themselves by being unsuitable food for herbivores (Renvick 1983) , or cope with herbivory through tolerance (Rosenthal & Kotanem 1994) . These strategies are not exclusive and plants may utilize several at the same time (Glynn et al. 1998) .
To diminish the impact of herbivores, plants use a variety of defensive mechanisms. The ubiquity and diversity of these mechanisms has prompted questions concerning their relative effectiveness and cost. The production of secondary plant substances requires matter and energy. When plants contain appreciable quantities of secondary compounds, their synthesis and storage presumably exacts a cost (Schoonhoven et al. 1998) , as plants are constrained by finite resources (Coley et al. 1985; Herms & Mattson 1992; Berenbaum 1995; Glynn et al. 1998) . The allocation cost results from diverting resources to resistance and away from other functions related directly to survival and seed production (Simms & Rausher 1989; Herms & Mattson 1992) . Hence, the production of plant defensive compounds can influence plant fitness and performance. To quantify costs in plants, researchers have attempted to link a measure of plant success, usually growth rate, with constitutive levels of defence. Nevertheless, in many cases, these efforts to detect costs have failed (Zangle et al. 1997) .
Chemicals produced by plants may be more important than any other single factor controlling insect behaviour in nature (Schultz 1988) . It is now recognized that the plant world is characterized by a proliferation of secondary metabolites (Rosenthal & Janzen 1979) . The role of plant secondary compounds at the ecological level almost certainly has a relevant function, which involves a defence mechanism against live plant enemies, such as pathogens and herbivores (Zucker 1983) . Tannins, like many other secondary compounds, play an important role in plant defence against herbivores, as they reduce nutrient digestibility after ingestion (Feeny 1976) . There is no compelling evidence that tannins have any role in plant primary physiological processes (McKey 1979; Zucker 1983) . However, there is a continuing debate about whether tannins have a purely defensive function (Bernays 1981; Martin et al. 1987; Berenbaum 1995) .
Leaf traits that may be important to folivorous insects, such as concentration of foliar nitrogen and various secondary compounds, change dramatically as leaves age and develop (Coleman 1986 ). Not surprisingly, many herbivores show differential preference or performance as a function of the developmental stage or age of leaves upon which they feed (e.g. Raupp & Denno 1983; Stamp & Bowers 1990; Woodman & Fernandes 1991; Coleman & Leonard 1995) .
In the present study, we observed the relationships between defence, growth and nutrient concentration in Bauhinia brevipes Vog. (Leguminosae) in south-eastern Brazil. We aimed to answer the following questions: (i) does leaf age affect patterns of herbivory and production of defensive compounds in B. brevipes?; (ii) do tannins function as defensive compounds in B. brevipes against free-feeding and galling herbivores?; (iii) do investments in chemical defences influence plant growth rates ?; and (iv) what are the relationships between chemical defence, module growth rates and nutrient concentration?
METHODS

System and study site
Bauhinia brevipes is a cerrado (savanna) leguminous shrub, growing up to 3 m high (Cornelissen et al. 1997) , which flowers and fruits from June to August. After fruiting, this species loses all its leaves. Leaf flush starts at the beginning of the rainy season (in December) and is complete by the end of the month. Several galling and free-feeding insects attack this species (Cornelissen et al. 1997) . During the present study, attacks were primarily caused by Naupactus lar (Coleoptera: Curculionidae), Pantomorus sp. (Coleoptera: Curculionidae) and an unidentified larva of Geometridae (Lepidoptera). Seven still undescribed galling species attack B. brevipes: a new species of Contarinia (Diptera: Cecidomyiidae), two other undetermined leaf gallers (Diptera: Cecidomyiidae), and four stem gallers (one Cecidomyiidae, one Lepidoptera, and two Curculionidae; see Cornelissen et al. 1997; Cornelissen & Fernandes 1998; Fernandes 1998) . The leaf galls studied are caused by Contarinia sp. on the adaxial leaf surface of B. brevipes. Galls are spherical, with long red hairs covering their external walls, and contain a single chamber, with one larva per chamber (Fernandes 1998 ).
The present study was performed in the Estação Ecológica de Pirapitinga (IBAMA) in Três Marias-MG, south-eastern Brazil. The biological station is a man-made island, built in 1965 in the Três Marias reservoir (18°23ЈS, 45°20ЈW), at an altitude of 560 m a.s.l. (Azevedo et al. 1987) . The average annual temperature of the study site varies from 20 to 22°C and the average annual precipitation is 1600 mm (Goodland & Ferri 1979; Eiten 1993) . The island covers 1100 ha and its vegetation is primarily cerrado (savanna).
Sampling
Patterns of herbivory and plant defence were examined for 170 individuals of B. brevipes over a period of 2 years. To verify patterns of attack of free-feeding and galling herbivores on B. brevipes, from 20 to 25 shoots were randomly collected around the canopy of 170 individuals in 1997 (n = 3924 shoots sampled) and in 1998 (n = 3641 shoots sampled). All 170 individuals of B. brevipes were sampled each year. Shoots sampled were placed in plastic bags and taken to the laboratory for measurements of length (to the nearest mm), total number of leaves, number of galled leaves, number of galls and number of leaves attacked by chewing herbivores on each of the 7565 sampled shoots. Damage by chewing herbivores was measured on young and mature leaves in April of 1997 and 1998, approximately 4 months after leaf flush and before any leaves had senesced. Leaves were considered young from bud emergence until they had fully expanded and acquired green adult colouring and toughness. Mature leaves sampled were older, but not senescent. Damage was evaluated by means of a leaf census, in which we counted the number of attacked leaves on 25 shoots per plant and the proportion of total leaf area missing because of feeding by folivores on 10 young and 10 adjacent mature leaves from the same plant. Leaf area removed was evaluated by using a leaf area meter. Damaged areas were then summed over all leaves of a single plant and the proportion damage for that plant was determined by dividing total area removed by total leaf area.
Tannin concentration was estimated in leaf extracts by using the radial diffusion assay (Hagerman 1987 ). This assay is relatively simple and widely used (Ayres et al. 1997; Espírito-Santo & Fernandes 1998; Madeira et al. 1998 ). Moreover, this method is especially applicable to studies in which large numbers of samples are to be analysed (see Hagerman 1987) . Tannin concentration was measured monthly, from May 1997 to April 1998, in new and old leaves of the 170 individuals. Plant tissue was extracted for 1 hour at room temperature with 50% aqueous methanol, by using a solvent-to-tissue ratio of 0.5 mL solvent per 100 mg of plant fresh weight. The extracts were applied directly to diffusion gels. We placed 60 µL plant extract in a Petri dish containing a mixture of agar and protein (bovine serum albumin, Sigma Chemical Company). After placing the samples in uniform wells punched in the plates with a 5.0 mm-diameter punch, the Petri dishes were covered, sealed with Parafilm and incubated at 30°C for 96 h. Tannin in the extracts binds with the protein to form an opaque precipitate, the squared diameter of which is proportional to the tannin concentration of the extract (for details see Hagerman 1987) . For each ring, two diameters perpendicular to one another were measured to minimize errors attributable to non-uniform ring development. A regression equation relating the square of the precipitate ring diameter to tannic acid concentration was calculated by using a series of tannic acid standards: diameter 2 = 0.351 + 6.307 tannic acid concentration (adjusted r 2 = 0.99, P < 0.005 (n = 21)). The average of three replicates per plant was used for statistical analysis. Tannin concentration was expressed as mg tannic acid equivalents per g fresh weight.
Because fitness is difficult to measure, many studies have assumed that optimizing plant growth is a reasonable surrogate of fitness, as fitness in many environments is size dependent (Karban & Baldwin 1997) . Height, diameter and total number of shoots in the 170 plants sampled were measured in December 1997 and 1998. These data were combined as plant volume, calculated as the volume of an ellipsoidal cone (volume = abh/3), where a is greater diameter of the canopy, b is smaller diameter of the canopy and h is plant height. To determine the growth rates of B. brevipes, the length of five randomly selected new shoots per plant were measured every month from November 1997 to April 1998. The measure of plant growth was calculated as absolute length increment: G = Lf -Li, where G is absolute growth rate, Li is initial length and Lf is final length.
To determine nutrient concentration in B. brevipes, the leaves of the 170 plants were collected in April 1997 and 1998 and dried for 24 h at 80°C. Nitrogen, phosphorus, carbon, potassium, calcium, magnesium and aluminium concentrations were measured. Wet digestion, using a mixture of sulphuric, nitric and perchloric acids (1:10:2), was used for the chemical analysis. Nitrogen content was determined by Kjeldahl digestion and distillation. Phosphorous concentration was determined colourimetrically and potassium, calcium, magnesium and aluminium cation concentrations were determined by using an atomic absorption spectrophotometer.
Data analysis
All the variables analysed were first tested for data normality by using Liliefor's test (SYSTAT for Windows, Version 5. Systat Inc., Evanston, Illinois). In some cases, transformations using logarithmic (log x) or decimal logarithmic (log x + 1) were used to fit normality. Because all variables measured in B. brevipes were sampled for each individual every year, we first looked for temporal trends in these variables. As there was no difference between the parameters sampled each year, data by year were averaged. Therefore, data analysed represent averages for the whole plant (1997 and 1998) over all the samplings. Differences between young and mature leaves in tannin concentration, percentage of attack and percentage of leaf area removed were tested by using the Mann-Whitney U-test. The relationship between shoot growth, percentage of attacked leaves and percentage of leaf area removed, and the nutrients analysed were tested by using Pearson correlations (Zar 1996) . We also performed a Principal Component Analysis to reduce factors to be used in further analysis. Pearson correlations and simple and multiple linear regressions were used to test the relationships between tannin concentration, percentage of attacked leaves, percentage of leaf area removed, percentage of galled leaves, number of galls, concentration of foliar nutrients, plant size and shoot growth (Zar 1996) . For clarity, figure axes were plotted using absolute values, although all data transformations to fit normality were used to perform statistical analyses. For Figs 2, 3, 4 and 5, each point represents data averaged per plant over all samplings.
RESULTS
Leaf age influenced tannin concentration and herbivore attack on B. brevipes. Mature leaves had a higher tannin concentration than young leaves (MannWhitney test: U = 59.8; P < 0.0001; Fig. 1 ). Attack by chewing herbivores also differed between leaves of the two ages. Young leaves were attacked by chewing herbivores approximately 60.0% more than mature leaves (Mann-Whitney test: U = 13.563; P < 0.05). Nevertheless, leaf area lost because of herbivore feeding did not differ significantly between leaf ages. There was a significant positive relationship between nitrogen content and the percentage of attacked leaves (R = 0.30; P < 0.0001; Table 1 ) and between potassium content and percentage of attacked leaves in B. brevipes (R = 0.19; P < 0.01; Table 1 ). There was also an inverse relationship between percentage of attacked leaves and foliar carbon in B. brevipes leaves (R = -0.42; P < 0.005). The amounts of carbon and nitrogen explained 36.0% of the variation observed in the percentage of attacked leaves on B. brevipes (y = 16.29 -0.31 C + 0.25 N; r 2 = 0.36; F = 9.56; P < 0.0001). None of the nutrients analysed influenced the percentage of leaf area removed by chewing herbivores.
A negative correlation was found between the percentage of leaves attacked by chewing herbivores and tannin concentration (y = 44.93-30.75 log x; r 2 = 0.19; F = 39.20; P < 0.0001; Fig. 2a ). This is consistent with the hypothesis that these secondary metabolites act as defensive compounds in B. brevipes leaves. However, we did not find any relationship between tannin concentration and percentage of leaf area removed by herbivores (r 2 = 0.15; P > 0.05; Fig. 2b ). Otherwise, no relationship was observed between tannin concentration and percentage of galled leaves (r 2 = 0.01; F = 2.62; P > 0.05) or number of Contarinia sp. galls per plant (r 2 = 0.01; F = 0.73; P > 0.05). No statistically significant relationship was found between the nutrients analysed and the percentage of galled leaves or number of galls per plant.
We found a positive relationship between tannin concentration and carbon level in leaves (R = 0.71; P < 0.0001; Fig. 3a) , as well as a negative relationship between tannin concentration and amounts of foliar nitrogen (R = -0.25; P < 0.001; Fig. 3b ) and potassium (R = -0.34; P < 0.0001; Fig. 3c ). The concentrations of nitrogen, carbon, potassium, and aluminium explained 69% of the variation observed in tannin concentration in B. brevipes leaves (y = 0.62 -0.16 N -0.36 K -0.26 Al + 0.74 C; r 2 = 0.69; F = 21.18; P < 0.0001). The observed relationship between tannin concentration and nutrients in B. brevipes leaves is consistent with the hypothesis that plant secondary metabolites are influenced by the availability of these nutrients.
Shorter shoots had higher tannin concentrations than longer shoots (log y = 0.69 -0.24 log x; r 2 = 0.12; F = 22.24; P < 0.005; Fig. 4a ). Also, there was a significant inverse relationship between shoot growth and tannin concentration in B. brevipes leaves (log y = 0.541 -0.131 arcsin x; r 2 = 0.11; F = 8.13; P < 0.05; Fig. 4b ). No significant relationship was found between any of the nutrients analysed and shoot growth in B. brevipes.
There were significant inverse relationships between percentage of attack and plant volume (r 2 = 0.05, y = 56.31 -2.57 log x; F = 10.73; P < 0.005) and between percentage of galled leaves and plant volume (r 2 = 0.06, log y = 1.37 -0.07 log x; F = 4.04; P < 0.05). No significant relationship was found between plant volume and tannin concentration, number of galls or percentage of leaf area removed in B. brevipes.
Principal component analysis based on the correlation between nutrient elements, tannin concentration and the percentage of attacked leaves on B. brevipes indicated the tendency of potassium, nitrogen and percentage of attacked leaves to form a cluster. These results suggest a positive correlation between these variables (Fig. 5) . Tannin concentration and carbon content were grouped on the negative pole of the first axis and accounted for approximately 29% of the total variation. The second factor explained approximately 20% of the total variance. Another grouping was formed by magnesium, calcium and aluminium, which grouped on the negative pole of the second axis.
DISCUSSION
Plants possess an effective resistance system, based on a combination of physical, chemical and developmental features, which prevents herbivores from fully exploiting their host plants (Schoonhoven et al. 1998) . Deterrence of herbivores and pathogens appears to be the principal advantage conferred by many secondary compounds. In many species, young leaves and other growing plant parts are better protected by secondary compounds than mature tissues (see Cates 1980) . However, we found higher tannin concentration in mature leaves of B. brevipes than in younger leaves. Whereas many allelochemicals classified as toxins or deterrents decline in concentration with leaf age, compounds designated as digestibility-reducing factors generally exhibit the opposite pattern (Schoonhoven et al. 1998) . Carbon is limiting in the young growing tissues, but later in the growing season carbon supply can exceed the demand for growth and this allows the plant to produce carbon-based quantitative resistance compounds, such as tannins. Therefore, tannins and resins increase with leaf age in many instances, rendering young leaves more attractive to herbivores. However, when we compared the percentage of leaf area removed in mature and young leaves of B. brevipes, we did not find statistical differences. Similarly, Cooke et al. (1984) found no differences in leaf area lost because of herbivore attack between mature and young leaves of the tropical species Eugenia ochneocarpa and Shorea spp., or the mangrove species Avicenia marina and Sonneratia alba. The role of plant nitrogen as a limiting factor for insect herbivores has been both confirmed and refuted (Cooke et al. 1984) . Wold and Marquis (1997) argue that plants that possess higher concentrations of nitrogen are of better quality for herbivores. This trend was reflected in the pattern of attack by folivorous insects on B. brevipes. We observed higher levels of herbivore attack on plants that had higher concentrations of nitrogen in their leaves and lower concentrations of tannins and carbon. The inverse relationship between herbivore attack and carbon content in B. brevipes could result from carbon excess being related to many features that negatively affect herbivore performance, such as increased abundance of carbon-based compounds, increased leaf toughness and reduced nutritional quality (e.g. Bernays 1978; Bernays & Woodhead 1982; Coley & Aide 1991) .
Consistent negative correlations between tannin concentration and insect herbivory have been found in many studies (see Ayres et al. 1997) . However, we did not find any relationship between tannin concentration and number of galled leaves or number of galls induced by Contarinia sp. A study conducted in the dioecious shrub Baccharis dracunculifolia also failed to show any relationship between tannin concentration and the abundance of galls induced by Neopelma baccharidis (Espírito-Santo & Fernandes 1998) . The concentration of this phenolic compound may not affect gall inducers because their mode of feeding within the gall allows them to avoid this defensive strategy of the host. Considerable evidence has accumulated for an inverse relationship between herbivore damage and levels of plant phenolics such as tannins (e.g. Coley et al. 1985; Schultz 1988; Tuomi 1992) . Although statistically significant, only 19.0% of the variation in the percentage of attacked leaves on B. brevipes was explained by the variations in tannin concentration. Moreover, we did not find any relationship between tannin concentration and percentage of leaf area lost by herbivore feeding. The lack of consistency in these correlations could be due to the fact that insect herbivores may be limited by other aspects of foliar chemistry, including leaf water content, sugars, toughness and, in particular, nitrogen content. An alternative explanation for the weak relationship observed between tannins and herbivore attack could be related to the method used to estimate tannin concentration. The radial diffusion assay measures only proteincomplexing effects (see Hagerman 1987) and with only one protein (bovine serum albumin). Different results could be achieved with other proteins. For instance, Lawler et al. (1998) showed that none of the measures of leaf nutritional quality performed on two species of Eucalyptus (measuring the concentration of nitrogen, cellulose, lignin, total phenolics and condensed tannins) correlated with food intake by marsupial folivores. Nevertheless, their study showed that specific types of compounds within the overall phenolic fraction had very strong impact as feeding deterrents for two marsupial folivores. Although we observed a significant inverse relationship between tannin concentration and B. brevipes leaves attacked by free-feeding herbivores, these results should be viewed with care, as their significance may be attributable simply to the large sample size used in the present study (n = 170 B. brevipes individuals).
The nature and quantity of plant defences are determined by the resources available in the local habitat (Coley et al. 1985) . Tannin concentrations were influenced by the amounts of foliar nitrogen, carbon and potassium. We observed a positive linear relationship between tannin concentration and foliar carbon content and inverse relationships between tannin concentration and concentrations of nitrogen and potassium. The resource availability hypothesis seems an attractive explanation for this tendency (Herms & Mattson 1992) . Plants preferentially allocate carbon for growth when conditions are favourable, whereas carbon will often accumulate and be used for differentiation products, such as defence compounds, when high light or low nutrients promote photosynthesis in excess of growth (Bryant et al. 1983) . The relationships between tannin, carbon and nitrogen concentrations could therefore be explained by the resource availability hypothesis, while the explanation for the relationship between tannin and foliar potassium concentrations is not clear. Rhoades (1979) argued that inorganic nutrients tied up in the metabolic machinery for synthesizing defensive substances are unavailable for other uses. However, inorganic nutrients that are of limiting importance to plants, except for nitrogen, are rarely used in defensive compounds, and the majority of these substances are composed solely of carbon, hydrogen and oxygen. Our method for sampling nutrient concentration offered a limited interpretation of the relationships between nutrients available and plant processes, as nutrients vary both in time and space and our measurements of nutrient concentrations in B. brevipes were limited to leaves in the same season in 2 successive years.
Inverse relationships between growth and defensive compounds indicate that the production of secondary metabolites may redirect resources that could be allocated to processes of differentiation, such as shoot growth and leaf production. However, some studies present evidence that the costs of chemical defence are small or even absent (Van Dam et al. 1995) . In B. brevipes, plants that had higher tannin concentrations exhibited a lower increment in final shoot length, offering some support for the trade off hypothesis, that is, the production of this defensive compound may be costly to this species. However, only 11% of the variation in shoot growth rates was explained by tannin concentration. Schoonhoven et al. (1998) argued that plant growth is often limited by nitrogen availability rather than energy (glucose). In that case, the production of nitrogen-containing compounds, such as alkaloids, comes at the expense of growth or reproduction. This fact could be an alternative explanation for the weak relationship between shoot growth and carbon-based compounds, such as tannins. Clearly, more experimental data and development of theory are needed to fully grasp the costs of resistance to herbivory (Simms 1992) .
Considering the weak relationship between tannin concentration and percentage of attacked leaves of B. brevipes, and the absence of correlation between tannin concentration and leaf area lost from herbivore feeding, we conclude that tannin production does not strongly influence herbivore pressure in this species. The idea of a direct relationship between herbivory and the production of defensive compounds, such as tannins, is based on the assumption that their production compromises other plant functions. We found evidence that production of these defensive compounds may adversely influence shoot growth, a parameter that estimates fitness.
Our conflicting results suggest complex interactions among foliar nutrients and between nutrients and plant physiological processes. The relationships we found among plant nutrient concentrations, defence and growth in B. brevipes indicate that these processes must be studied in more detail to address their importance to herbivores.
